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Despite the recent decline in environmental and occupational lead exposure in most developed countries (mainly due to the removal of lead from gasoline and the control of lead exposure in the workplace), general exposure to low doses of lead and pockets of high lead exposure are still common in the United States (39) . With the development of in vivo K-X-ray fluorescence (KXRF) instruments, measurement of bone lead levels as an indicator of cumulative lead exposure in epidemiologic studies is now possible. Bone lead was found to be a better biomarker of lead dose than blood lead in recent studies of the relationship of low-level lead exposure to hypertension (40, 41) and low birth weight (42) . This finding raises concerns that blood lead levels not only inadequately represent levels of lead accumulated in bone but also inadequately represent levels of lead in plasma (the primary source of bioavailable lead to most body organs) and concerns that bone lead stores may independently influence plasma lead levels. Some kinetic models as well as empirical observations (43, 44) have suggested the possibility of an independent contribution of bone lead to plasma lead. More information is needed about the extent to which lead is mobilized out of bone in environmentally exposed individuals.
Although plasma lead provides critical information on the understanding of lead mobilization from bone, it is difficult to measure accurately. Urinary lead is an alternative to plasma lead. Urinary lead originates from plasma lead that has been filtered at the glomerular level; thus, urinary levels of lead that are adjusted for glomerular filtration rate serve as a proxy for plasma lead levels.
In this study, we test the hypothesis that bone and erythrocyte lead make independent contributions to urine lead by examining the interrelationships of lead levels in whole blood corrected by hematocrit [i.e., erythrocyte lead (EPb)], patella (TBoPb), tibia (CBoPb), and urine excreted over 24 hr (UPb) in a group of middle-aged and elderly men with no known occupational lead exposure. In the present study, we randomly selected 100 men for lead analysis of 24-hr urine specimens, using a stratified sampling procedure based on quartiles of patella lead distribution among those NAS subjects who participated in the KXRF bone lead substudy and provided 24- Bone lead. Bone lead was measured in each subject's midtibia shaft and patella with a KXRF instrument (ABIOMED, Inc., Danvers, MA). The tibia and patella have been targeted for bone lead research because these two sites are considered representative of the two main bone compartments cortical and trabecular bone, respectively. A technical description and the validity specifications of this instrument have been published elsewhere (46, 47) . Radiation doses are minimal, with effective doses being a fraction of those associated with standard radiographs (48) . This KXRF instrument uses 109Cd to provoke the emission of fluorescent photons from target tissue that are then detected, counted, and arrayed on a spectrum (46) . The net lead signal is determined after subtraction of Compton background counts by a linear least-squares algorithm. The lead fluorescence signal is then normalized to the elastic or coherently scattered 7-ray signal, which arises predominantly from the calcium and phosphorus present in bone mineral. The unit of measurement so derived is micrograms of lead per gram of bone mineral (micrograms per gram).
Since the inception of this study in 1991, KXRF instrument design has improved with the adoption of a 30-mCi '9Cd spot-source design and 1800 backscatter geometry (49, 50) . Improvements have also been made in the calibration of the original KXRF instrument used for this study. Furthermore, the original instrument is only slightly less precise than the newer instruments. For example, 10 repeated measurements of an 11.6-pg/g calibration phantom in water (which stimulates the in vivo situation) by our original KXRF instrument and a 30-mCi '09Cd spot-source instrument gave mean ± SD results of 9.2 ± 3.7 and 10.0 ± 3.3 pg/g, respectively (50) . Thus, we continued to use our original instrument to preserve the comparability of all measurements. Every week, a 10-jg/g phantom [true concentration verified by inductively coupled plasma mass spectrometry; see Aro et al. (50)] was positioned and measured 10 consecutive times overnight as a firstorder calibration check; analysis of means and SDs did not disclose any significant shift in accuracy or precision during the life of this study.
Because the instrument provides a continuous unbiased point estimate that oscillates around the true bone lead value, negative point estimates are sometimes produced when the true bone lead value is close to 0. The instrument also provides an estimate of the uncertainty associated with each measurement that is obtained by a counting statistic modified by the gQodnessof-fit for the curve function used to strip lead fluorescent peak counts from the underlying background. It is equivalent to a single SD if multiple measurements are taken. Although a minimum detectable limit calculation of twice this value has been proposed for interpreting an individual's bone lead estimate (49) , retention of all point estimates makes better use of the data in epidemiological studies (51 (61) . Twenty-four-hour urinary lead was regressed on smooth functions of age, EPb, CCr, and body weight. We chose the best smoothing parameter for each variable in models that did not contain bone lead variables. Patella lead and tibia lead were then examined to see whether they made any independent contribution to 24-hr urinary lead levels. Only subjects with complete data sets were included in the analysis, and all regressions were estimated in S-plus with the GAM function.
Results
Two subjects with missing data on EPb and urinary creatinine were eliminated from the analysis, as were four subjects with 24-hr urine volume of <750 ml or with <20 hr of urine collecting time. In addition, 17 subjects with reduced renal function (a serum creatinine concentration of >1.5 mg/dl or a CCr of <50 ml/min) were excluded. Generalized ESD manyoutlier procedures (62) Neither a linear term nor a smooth function of age was a significant predictor of UPb. Moreover, the model fit was the same with or without age. Age was therefore dropped from these models. A GAM plot showed a somewhat nonlinear EPb-UPb relationship after adjustment for CCr and body weight (Fig. 1) . After adjustment for EPb, CCr, and body weight, TBoPb and CBoPb were significant predictors of UPb in separate models. According to Aikaike's information criterion (61) , CBoPb fit as well as TBoPb. GAM plots from both models indicated that lead stored in these two bone sites had different relations with UPb. The TBoPb-UPb relation was linear ( = 0.05) (Fig. 2) and the mean contribution of lead from trabecular bone to urine was 1.6 pg/day. In contrast, the CBoPb-UPb relation was linear only above a threshold of 24 pg/g, and no CBoPb-UPb association was evident at CBoPb values below 24 pg/g. Only 38% of the subjects had CBoPb >24 pg/g. On the basis of this finding, we took a different approach and refit the tibia lead model. Because of the observed threshold effect of tibia lead on UPb, a new variable was introduced to replace the loess function of tibia lead. This new variable, hightib, has a value of 0 if CBoPb is <24 and has a value of CBoPb-24 otherwise. The results are listed in Table 3 . The model with a linear term of hightib (3 = 0.12) fit as well as the patella lead model. Mean contribution of lead from cortical bone to urine was 0.43 pg/day. The nonlinear EPB-UPb relation remained significant in both the patella lead and new tibia lead models.
Discussion
The results of the present study indicate a strong nonlinear relation of EPb to UPb as well as an independent association of skeletal lead to UPb. After adjustment for EPb, CCr, and body weight, TBoPb and CBoPb were significant predictors of UPb in separate models.
The middle-aged and elderly male participants in this study had no known occupational exposure to lead, and their environmental exposures to lead were presumably through contaminated drinking (25) , as opposed to 20% of total blood attributable to bone lead in a nonhuman primate (64) . A recent study of nonhuman primates using the same technique observed a significant increase in bone-derived lead in maternal blood in late pregnancy (65) . Bone lead turnover is determined by lead exchange at bone surfaces and factors affecting bone remodeling (66, 617) . Trabecular bone has a larger surface area and a greater volume of blood delivered per unit of time than cortical bone. In addition, there are more active osteons per gram in trabecular bone to carry out resorption and deposition than in cortical bone. Consequently, endogenous exposure would be expected to relate more closely to trabecular than to cortical lead, and trabecular bone would be expected to relate more closely to circulating lead and urinary lead. Our findings that TBoPb was a stronger correlate of EPb and UPb than was CBoPb (Table 2 ) and contributed more lead in urine (1.6 pg/day from TBoPb and 0.43 pg/day from CBoPb) are consistent with these ideas. Similar findings regarding the blood lead-trabecular bone lead association have been reported in a previous cross-sectional study in the NAS population (68) and in a case-control study of postpartum women in Mexico City (69) . In addition, a recent study reported that bone lead (particularly trabecular bone lead) exerts an additional independent influence on plasma lead after controlling for whole blood lead in individuals with no history of occupational lead exposure (70) . Together, these findings support the argument that lead in trabecular bone is more available for mobilization and has more influence on the amount of lead excreted in urine than in cortical bone. As depicted in Figure 3 , lead in blood is divided between erythrocyte and plasma compartments. Although the lead-binding capacity of erythrocytes is usually assumed to have specific limits (71), factors governing the relative partitioning between lead in plasma and erythrocyte are not well known. Marcus (71) points out the existence of other possible models in addition to the saturation model. Leggett (29) also notes that the saturation concentration may depend on the levels and duration of exposure. Bone lead is an important endogenous source of plasma lead, whereas whole blood lead is an important determinant of plasma lead (Fig.   3 ). Cake et al. ( 72 noted that among active workers in a lead recycling facility, the serum/blood lead ratio correlated significantly and positively with bone lead but not with whole blood lead. They hypothesized that part of the variation in serum/blood lead ratio could be attributed to lead released from bone and therefore high bone lead levels produce high serum/blood lead ratios. Berghdahl and Skerfving's (73) recent observation among retired lead smelter workers undermined the hypothesis proposed by Cake et al. (72) . However, the finding of a significant correlation of plasma/blood ratio to blood and bone lead in environmentally exposed adults (70) is in good agreement with the Cake et al. (72) hypothesis. Discrepancies between these studies might be explained by the use of different target sites for bone lead measurement and different lead exposure levels.
In contrast, there are few reports on the relationships of BPb or PPb to UPb. Most of the observations were collected on occupationally exposed individuals. The relationship between BPb and UPb among lead workers was nonlinear in a recent study (43) . Hirata et al. (44) noted that the correlation between the concentrations of PPb and of UPb exceeded that between the concentrations of BPb and UPb among lead workers with low levels of lead exposure. A physiologically based kinetic model predicted that the rate of lead excretion into urine is directly proportional to plasma concentration (66) . Only one observation of the BPb-UPb relationship among environmentally exposed individuals is available (53) . The authors noted a poor linear relationship between BPb and UPb, particularly at lower range of exposures (53) . Although we were unable to directly investigate the relationship between UPb and PPb, the curvilinear relation ( Fig. 1) and strong correlation between UPb and EPb in the present study are compatible with the findings of a nonlinear relationship as seen in previous studies.
The main source of external exposure to lead includes diet and air for individuals without occupational exposure. Tap water in a city like Boston, with old houses containing lead plumbing, is a significant dietary source of potential lead exposure. The mean whole blood lead levels in the NAS population is representative of the general population in the United States (74) . A recent study in a subset of the NAS population found that ingestion of lead-contaminated tap water is an important predictor of elevated bone lead levels later in life (75) . Lead in diet, in addition to bone lead and blood lead, may contribute substantially to lead in urine. Our study was limited by the fact that dietary intake of lead was not measured and we were unable to distinguish between lead from the skeleton and lead from dietary sources. Nevertheless, in an aging population like the NAS, where endogenous exposure is the dominant contributor to whole blood lead, the influence of diet should be minimal.
Glomerular function, in addition to bone lead and EPb, is another critical determinant of the amount of lead excreted. Because it is possible that renal impairment influences lead levels in blood and urine, we excluded all subjects with significant renal impairment (serum creatinine levels of .1.5 mg/dl or a CCr of <50 ml/min) and we further controlled for renal function by including the best smooth function of CCr in our models. Accordingly, it is unlikely that our results were significantly influenced by renal impairment.
In summary, our findings of independent contributions of bone and erythrocyte lead to urine lead indicate that the skeleton is an important endogenous source of lead exposure in environmentally exposed subjects. Moreover, UPb originating from PPb may be an alternative measure of the most metabolically relevant fraction of lead in blood that will be useful in assessing the potential hazard in populations where endogenous exposure is the dominant contributor to whole blood lead. Further research is needed to examine the use of UPb as an alternative to PPb in examining the mechanism of bone lead toxicity in environmentally exposed subjects.
